Introduction {#sec1}
============

In recent years, many researchers have focused on the design and manufacture of biocompatible and biodegradable scaffolds that mimic the structural and functional properties of the extracellular matrix (ECM) for tissue engineering and regenerative medicine.^[@ref1]−[@ref3]^ Electrospinning is a technique that has been used for manufacturing scaffolds composed of polymer fibers with diameters of hundreds of nanometers to several micrometers. The fibrous scaffolds are produced by application of high voltage over a polymer solution during a spinning process, and the scaffolds can provide suitable and beneficial surroundings for cell attachment and proliferation because of the similarity to the natural ECM architecture.^[@ref4]−[@ref6]^ Various studies have revealed that electrospun scaffolds enhance the engraftment rate,^[@ref7]^ cellular organization,^[@ref4],[@ref8]^ and wound contraction^[@ref7],[@ref9]^ compared with porous scaffolds with micron-sized pores.

Gelatin is a naturally derived macromolecule obtained through the hydrolysis of collagen. Given its biocompatibility and biodegradability, gelatin has been frequently used in the biomedical field as a drug carrier and a cell culture substrate in a variety of forms, including as electrospun fibers. A required step for the use of electrospun gelatin fibers in these applications is cross-linking of gelatin molecules to avoid dissolution in aqueous solutions such as a cell culture medium and body fluid. Insolubilization has been accomplished using chemical cross-linkers such as glutaraldehyde^[@ref10],[@ref11]^ and carbodiimide;^[@ref12],[@ref13]^ however, the development of mild insolubilization methods remains challenging.

The aim of this study is the development of a technique for obtaining electrospun gelatin fibers that are water-insoluble through horseradish peroxidase (HRP)-catalyzed cross-linking. To the best of our knowledge, this is the first report describing the use of HRP-catalyzed cross-linking for insolubilization of electrospun fibers. HRP is a heme protein that catalyzes the coupling of phenol and aniline derivatives using hydrogen peroxide (H~2~O~2~) as an oxidant under mild conditions.^[@ref14]^ The usefulness of HRP-catalyzed cross-linking of polymers with phenolic hydroxyl (Ph) moieties (polymer-Ph), including gelatin (Gelatin-Ph), in an aqueous solution for obtaining hydrogels is well recognized.^[@ref15]^ In most studies, an H~2~O~2~ aqueous solution is mixed with solutions containing HRP and polymer-Phs to obtain hydrogels that are insoluble in an aqueous medium.^[@ref16],[@ref17]^ Therefore, a method for immersing electrospun nanofibers consisting of Gelatin-Ph and HRP in an H~2~O~2~ solution may be possible for insolubilizing the fibers. However, in our preliminary study, the fibers immediately dissolved before cross-linking because of the small fiber diameter. Therefore, this study introduces electrospun Gelatin-Ph nanofibers with embedded HRP that can be cross-linked in air containing H~2~O~2~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). To demonstrate the effectiveness of this approach, we studied (i) the possibility of preparing electrospun nanofibers from solutions of Gelatin-Ph and HRP, (ii) the activity of HRP after electrospinning, (iii) the possibility of cross-linking to form water-insoluble nanofibers, and (iv) the cytocompatibility of the insolublized nanofibers using human embryonic kidney-derived HEK293 cells.

![Schematic illustration of Gelatin-Ph electrospun nanofibers cross-linked by an HRP-catalyzed reaction in air containing H~2~O~2~.](ao0c03164_0002){#fig1}

Results and Discussion {#sec2}
======================

Electrospinning {#sec2.1}
---------------

The production of nanofibers from unmodified gelatin via electrospinning has been previously reported.^[@ref18],[@ref19]^ However, there are no reports on the electrospinning of polymers with Ph moieties such as Gelatin-Ph. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A--C shows the scanning electron microscopy (SEM) images of the electrospun mats, including HRP before exposure to air containing H~2~O~2~. Nanofibers were obtained from solutions containing 2 or 4% (w/v) Gelatin-Ph, 9% (w/v) PEO, 5% (w/v) Pluronic, and 160 U/mL HRP ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B); however, many beads were observed, which could be caused by the low viscosity of the solutions that resulted in spraying rather than fiber formation.^[@ref18]^ Increasing the concentration of Gelatin-Ph to 8% (w/v) resulted in a fibrous mat without beads ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). The viscosity of the 8% (w/v) Gelatin-Ph solution was greater than that of the solutions with a lower Gelatin-Ph content (2 and 4% (w/v)) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows the diameter of each nanofiber. The average diameter of the nanofibers increased from 141 to 170 nm as the concentration of Gelatin-Ph increased from 2 to 8% (w/v), which is consistent with previous studies.^[@ref18]−[@ref21]^ The important finding of this study was that Gelatin-Ph nanofibers were obtained through electrospinning, similarly to unmodified gelatin.

![SEM images of electrospun mats before and after exposure to air containing H~2~O~2~. (A) 2, (B) 4, and (C) 8% (w/v) Gelatin-Ph electrospun mats before exposure to air containing H~2~O~2~. (D) 8% (w/v) Gelatin-Ph electrospun mats after exposure to air containing H~2~O~2~. All electrospinning solutions contained 9% (w/v) PEO, 5% (w/v) Pluronic, and 160 U/mL HRP. The scale bars represent 2 μm.](ao0c03164_0003){#fig2}

![Viscosity of the solutions. All solutions contained 9% (w/v) PEO, 5% (w/v) Pluronic, and 160 U/mL HRP.](ao0c03164_0004){#fig3}

###### Gelatin-Ph Nanofiber Diameters[a](#t1fn1){ref-type="table-fn"}

                               2% (w/v) Gelatin-Ph   4% (w/v) Gelatin-Ph   8% (w/v) Gelatin-Ph (before exposure to air containing H~2~O~2~)   8% (w/v) Gelatin-Ph (after exposure to air containing H~2~O~2~)
  ---------------------------- --------------------- --------------------- ------------------------------------------------------------------ -----------------------------------------------------------------
  diameter \[nm\](mean ± SD)   141 ± 27              146 ± 31              160 ± 37                                                           176 ± 38

All electrospinning solutions contained 9% (w/v) PEO, 5% (w/v) Pluronic, and 160 U/mL HRP.

HRP Activity {#sec2.2}
------------

To realize cross-linking by HRP in electrospun fibers, the enzyme catalytic activity must be maintained for oxidation of the organic substrate by H~2~O~2~ after the electrospinning process. The oxidation activity by H~2~O~2~ was determined by measuring the initial reaction rate of oxidizing 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A shows the time course of absorbance at 405 nm for solutions containing ABTS and native HRP or HRP in the as-spun fibers after adding H~2~O~2~. The as-spun fibers dissolved immediately after immersing in deionized water; the increase in absorbance at 405 nm demonstrates that the HRP exposed to electrospinning maintained function as a catalyst for the oxidation reaction. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B shows the activity of HRP determined from the initial reaction rate. The activity of HRP enclosed in the nanofibers was 65% of the activity of native HRP, which is greater than that of HRP immobilized on poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide) nanofibers (about 50%).^[@ref22]^ Niu et al.^[@ref22]^ used a mixed water-organic solvent system with methylene chloride, while this study used a water-based solvent system, which likely resulted in a higher activity of HRP. In addition, the HRP activity containing the Gelatin-Ph nanofibers was significantly reduced after insolubilization and HRP diffused in aqueous solution. Therefore, HRP would not damage cells on nanofibers. The result of this study demonstrates the possibility of using HRP in electrospun Gelatin-Ph fibers for subsequent cross-linking to attain water-insoluble fibers.

![Activity of HRP determined by ABTS. (A) Time course of absorbance at 405 nm and (B) the initial reaction rate. The values represent the mean (*n* = 3) and standard deviation. Statistical significance: \*\**P* \< 0.01.](ao0c03164_0005){#fig4}

Cross-Linking by Exposure to Air Containing H~2~O~2~ {#sec2.3}
----------------------------------------------------

In a preliminary study, we attempted to cross-link electrospun Gelatin-Ph nanofibers containing HRP by immersion in an H~2~O~2~ aqueous solution. However, this approach was inappropriate: [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03164/suppl_file/ao0c03164_si_001.pdf) shows a 5 mM H~2~O~2~ solution after immersion of the electrospun mat in which the mat containing HRP completely dissolved. The nanofibers likely dissolved in the H~2~O~2~ solution before insolubilization by the HRP-catalyzed reaction since the individual fiber diameter was small. Therefore, we attempted to insolubilize Gelatin-Ph nanofibers by exposing the fibers to air containing H~2~O~2~. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D shows the morphology of Gelatin-Ph nanofibers after exposure to air containing H~2~O~2~. The treatment increased the diameter of the nanofibers from 160 to 176 nm ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), and the morphology of the nanofibers was maintained after the treatment. The insolubilization induced by the treatment was confirmed by immersing the treated fibrous mats in phosphate-buffered saline (PBS). The whitish fibrous mats obtained by electrospinning and subsequent exposure to air containing H~2~O~2~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) did not dissolve in PBS ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). In contrast, the untreated fibrous mats dissolved immediately after immersing in PBS. Exposure to air containing H~2~O~2~ caused cross-linking between the Ph groups of Gelatin-Ph by HRP in the nanofibers, resulting in the insolubility of water. This result demonstrates the possibility of obtaining water-insoluble nanofibers through the cross-linking of Ph moieties in Gelatin-Ph catalyzed by HRP in the fibers.

![Nanofibers exposed to air containing H~2~O~2~: (A) before and (B) after immersion in PBS. The scale bars represent 1 cm.](ao0c03164_0006){#fig5}

Cell Studies {#sec2.4}
------------

The cytocompatibility of the Gelatin-Ph nanofibers was evaluated by fluorescence imaging of the adhesion and staining of live and dead cells using Calcein-AM and propidium iodide (PI), respectively. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A,B shows the live (green) and dead (red) cells on the fibrous mats at days 3 and 5 of culture. The cells adhered to the fibrous mats. The cell viability in day 3 was 98.7 ± 1.4%, and the one in day 5 was 92.6 ± 5.7%. These results are consistent with a previous study demonstrating that Gelatin-Ph is cytocompatible.^[@ref23]^ In addition, the nanofibrous structure was maintained over 3 or 5 days of cell culture ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C,D). These results demonstrate that the Gelatin-Ph nanofibers obtained through electrospinning and subsequent enzymatic cross-linking by HRP have the potential for application in the biomedical field.

![Fluorescent images of live (green) and dead (red) cells on Gelatin-Ph nanofibers: (A) days 3 and (B) 5 after cell seeding. SEM images of the fibrous mats (C) days 3 and (D) 5 after cell culture.](ao0c03164_0007){#fig6}

Conclusions {#sec3}
===========

Gelatin-Ph nanofibers with encapsulated HRP were obtained by electrospinning an aqueous Gelatin-Ph solution containing HRP. The HRP in the nanofibers maintained 65% of the activity of native HRP after electrospinning, and the nanofibers containing HRP were water-insoluble after cross-linking by exposure to air containing H~2~O~2~. The potency of the resulting Gelatin-Ph nanofibers in biomedical applications was supported by a cultivation study of HEK293 cells and the preserved nanofibrous structure during the culture period. The HRP-containing electrospun nanofiber is a new concept that enables mild insolubilization of the fiber through enzymatic reaction of HRP on demand.

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

Gelatin from porcine skin (Type A), poly(ethylene oxide) (PEO) (*M*~w~ = 100,000), and Pluronic F-127 (Pluronic) were obtained from Sigma-Aldrich (St. Louis, MO). Tyramine hydrochloride and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were purchased from Combi-Blocks (CA, USA) and Peptide Laboratory Inc. (Osaka, Japan), respectively. Hydrogen peroxide (H~2~O~2~), *N*-hydroxysuccinimide (NHS), and horseradish peroxidase (HRP; 200 U/mg) were obtained from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). 2-Morpholinoethanesulfonic acid, monohydrate (MES), and propidium iodide (PI) were obtained from Dojin Chemical Laboratory Co. (Kumamoto, Japan). Calcein-AM was obtained from Nacalai Tesque Inc. (Kyoto, Japan). Human embryonic kidney-derived HEK293 cells, obtained from the Riken Cell Bank (Ibaraki, Japan), were cultured in Dulbecco's modified Eagle's medium (DMEM; Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) supplemented with 10% (v/v) fetal bovine serum in a humidified atmosphere at 37 °C in a 5% CO~2~ incubator.

Gelatin-Ph Synthesis {#sec4.2}
--------------------

Gelatin-Ph was synthesized according to previous reports by conjugating gelatin and chemicals containing Ph moieties using NHS and EDC.^[@ref23],[@ref24]^ Briefly, 20% (w/v) gelatin was reacted with 20% (w/v) tyramine hydrochloride, 13% (w/v) EDC, and 4.4% (w/v) NHS in a 65.2 mM MES buffer. The number of Ph moieties in the resulting Gelatin-Ph was determined by measuring the absorbance of a 0.01% (w/v) aqueous solution at 275 nm ([Figure S2B](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03164/suppl_file/ao0c03164_si_001.pdf)) and was 1.7 × 10^--2^ mol-Ph/g. The value was determined from a calibration curve obtained from known percentages of tyramine chloride ([Figure S2A](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03164/suppl_file/ao0c03164_si_001.pdf)).

Electrospinning {#sec4.3}
---------------

Three solutions containing 2, 4, or 8% (w/v) Gelatin-Ph, 9% (w/v) PEO, 5% (w/v) Pluronic, and 160 U/mL HRP were used for electrospinning. The polymer solutions were placed in a 1 mL glass syringe fitted with an 18-gauge stainless steel blunt needle, and the distance between the tip of the needle and collector was 7 cm. The solution was electrospun at a flow rate of 0.3 mL/h under an applied voltage of 18 kV. The diameters of the resulting fibers were determined from measurements of at least 75 individual fiber taken from images acquired with a scanning electron microscope (Model S-2250 N, Hitachi Ltd., Tokyo, Japan).

Solution Viscosities {#sec4.4}
--------------------

Three solutions containing 2, 4, or 8% (w/v) Gelatin-Ph, 9% (w/v) PEO, 5% (w/v) Pluronic, and 160 U/mL HRP were prepared. The viscosity profiles of these solutions were measured using a rheometer (HAAKE MARS III, Thermo Fisher Scientific, Waltham, MA) with a parallel plate of a 20 mm radius and a 0.5 mm gap between the plate and the stage.

HRP Activity {#sec4.5}
------------

The activity of HRP in the electrospun mats was analyzed by measuring the initial reaction rate of oxidizing 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) catalyzed by HRP in the presence of H~2~O~2~. Electrospun Gelatin-Ph mats prepared from a solution of 8% (w/v) Gelatin-Ph, 9% (w/v) PEO, 5% (w/v) Pluronic, and 160 U/mL HRP contained 3.62 × 10^--3^ mg-HRP/mg. To measure the HRP activity, the mats were dissolved in deionized water at 5.5 mg/mL (1.99 × 10^--2^ mg-HRP/mL) and the solution was added to ABTS at 17.8 mg/mL. The solution was then mixed with the same volume of a 0.02% (w/v) H~2~O~2~ aqueous solution. The initial reaction rate during the first 20 s was determined from the increase in absorbance at 405 nm, attributed to the formation of oxidized ABTS. As a control, the solution containing native HRP at 1.99 × 10^--2^ mg/mL was mixed with the same volume of the 0.02% (w/v) H~2~O~2~ aqueous solution.

HRP-Catalyzed Cross-Linking {#sec4.6}
---------------------------

As-spun Gelatin-Ph nanofibers with HRP were placed in a container under air flow with 19 ppm H~2~O~2~ for 20 min. As previously reported, air containing H~2~O~2~ was generated by bubbling air through a 1.0 M H~2~O~2~ aqueous solution.^[@ref25]^ The diameters of the resulting fibers were determined from measurements of 75 individual fiber taken from images acquired with the scanning electron microscope. The water insolubility was confirmed by soaking the resulting fibrous mats in PBS.

Cell Studies {#sec4.7}
------------

To confirm the cytocompatibility, the Gelatin-Ph nanofiber mats (3 mm × 10 mm) exposed to air containing H~2~O~2~ were placed in wells of a 24-well, ultralow attachment plate (Corning, NY, USA). Then, 500 μL of DMEM containing HEK293 cells at 3.8 × 10^4^ cells/mL was added to each well. The plate was placed in a 37 °C, 5% CO~2~ incubator. The medium was changed every 2 days. After culturing for 3 or 5 days, the cells were stained with Calcein-AM and PI and observed using a fluorescence microscope (BZ-9000, KEYENCE. Co., Osaka, Japan). The cell viability was measured by counting live and dead cells based on the photos taken by the fluorescence microscope.^[@ref23]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c03164](https://pubs.acs.org/doi/10.1021/acsomega.0c03164?goto=supporting-info).Images of Gelatin-Ph nanofibers containing HRP after immersion in an aqueous solution of 0.5 mM H~2~O~2~ (Figure S1) and the number of Ph moieties in the Gelatin-Ph (the calibration curve of tyramine hydrochloride in deionized water and the UV--vis absorbance spectrum of gelatin and Gelatin-Ph at 0.1% (w/v) in deionized water) (Figure S2) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03164/suppl_file/ao0c03164_si_001.pdf))
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